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Abstract
Shark-based tourism that uses bait to reliably attract certain species to specific sites so that divers can view them is a
growing industry globally, but remains a controversial issue. We evaluate multi-year (2004–2011) underwater visual (n = 48
individuals) and acoustic tracking data (n = 82 transmitters; array of up to 16 receivers) of bull sharks Carcharhinus leucas
from a long-term shark feeding site at the Shark Reef Marine Reserve and reefs along the Beqa Channel on the southern
coast of Viti Levu, Fiji. Individual C. leucas showed varying degrees of site fidelity. Determined from acoustic tagging, the
majority of C. leucas had site fidelity indexes.0.5 for the marine reserve (including the feeding site) and neighbouring reefs.
However, during the time of the day (09:00–12:00) when feeding takes place, sharks mainly had site fidelity indexes,0.5 for
the feeding site, regardless of feeding or non-feeding days. Site fidelity indexes determined by direct diver observation of
sharks at the feeding site were lower compared to such values determined by acoustic tagging. The overall pattern for C.
leucas is that, if present in the area, they are attracted to the feeding site regardless of whether feeding or non-feeding days,
but they remain for longer periods of time (consecutive hours) on feeding days. The overall diel patterns in movement are
for C. leucas to use the area around the feeding site in the morning before spreading out over Shark Reef throughout the
day and dispersing over the entire array at night. Both focal observation and acoustic monitoring show that C. leucas
intermittently leave the area for a few consecutive days throughout the year, and for longer time periods (weeks to months)
at the end of the calendar year before returning to the feeding site.
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Introduction
Some species popular for wildlife-tourism are elusive and can be
difficult to find, hence providing food is often used by tourists and
tour operators to attract target animals to increase the likelihood of
viewing opportunities [1]. The practice of humans feeding wildlife
as a tourism attraction is a most controversial issue which is
debated highly ideologically and little consensus exists on how the
feeding of wildlife for tourism purposes should be managed [2]. In
the marine realm, the most prominent examples of this highly
controversial issue emerge from shark-feeding dives. Shark-based
tourism operations often use bait or chum to reliably attract
certain species to specific sites so that divers can view them [3].
This form of shark-based tourism has been growing around the
globe in recent years, both in terms of the number of operations in
existence and the financial revenue they generate [4,5]. However,
the controversial use of bait and chum to attract sharks for viewing
by divers and also the subsequent feeding of bait to sharks has led
to concerns that this may be negatively impacting targeted sharks
in a number of ways.
To date, research on elasmobranchs (sharks and rays) has shown
that baiting and supplemental food provisioning can affect the
behaviour, physiology and health of the animals [6–12]. Less is
known about what effects food provisioning has on the long-term
behavioural responses, such as residency patterns and site fidelity
of species and individual sharks to specific food provisioning sites,
or the associated long-term movement patterns. Using acoustic
monitoring, Clarke et al. [13] showed that frequent baiting of silky
sharks Carcharhinus falciformis leads to increased time spent in the
vicinity of the feeding site, but residency patterns varied
considerably, from individuals being present almost year-round
to others visiting only intermittently. Hammerschlag et al. [14]
rejected behaviourally mediated effects of provisioning ecotourism
at large spatial and temporal scales in tiger sharks Galeocerdo cuvier
satellite tagged in the Bahamas. Using focal observation, Clua et
al. [15] found a general trend of increasing residency of sicklefin
lemon sharks Negaprion acutidens at a shark feeding site at Moorea
Island. Lastly, Maljkovic´ & Coˆte´ [16], using both focal observation
and acoustic telemetry, found sighting frequencies of individual
Caribbean reef sharks Carcharhinus perezi to vary widely at a long-
term shark provisioning site in the Bahamas, and no effect of time
of day on residency at the feeding site.
Long-term shark tourism sites offer platforms to collect baseline
data, test specific hypotheses and more generally address a number
of questions such as how often, when and for how long individual
sharks visit food provisioning sites. At the Shark Reef Marine
Reserve in Fiji, where up to eight different species of sharks have
been hand-fed since 1999 [4,17], the bull shark Carcharhinus leucas is
the numerically dominant species that can be encountered year-
round, but with decreasing numbers over the course of a calendar
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year [18]. The species’ seasonal departure from the feeding site is
suggested to be related to reproductive activity, but it remains
unknown if individuals, many of which can be reliably identified
by divers using visible marks and pigmentation [18], leave the area
on large-scale or simply stay away from the feeding site or out of
sight at certain times of the year. Such information is crucial to
obtain in order to eventually identify mating and nursery areas of
C. leucas in Fiji and to design and implement effective conservation
measures.
In the present study, we evaluate multi-year underwater visual
and acoustic tracking data of C. leucas from the Shark Reef Marine
Reserve. Our specific aims were to 1) determine if C. leucas
individuals are permanent residents at the Shark Reef Marine
Reserve and if not where they are when not present at Shark Reef,
2) define the degree of site fidelity this species shows to the feeding
site, and 3) determine if C. leucas use the Shark Reef Marine
Reserve in similar ways on days when food is offered compared to
non-feeding days. Our results provide insight into how often, when
and for how long individual C. leucas visit the feeding site in the
Shark Reef Marine Reserve and surrounding areas, and in so
doing provide information on the long-term behavioural response
of a charismatic coastal shark species to food provisioning.
Materials and Methods
Ethics Statement
Field work was carried out in the Shark Reef Marine Reserve.
Research methods included direct observation, stomach and
external tagging of free-swimming C. leucas (see [18–20] for data
collected with these methods in the Shark Reef Marine Reserve),
and were approved and conducted under a verbal permit provided
by the Fijian Ministry of Fisheries and Forestry and with the
knowledge and permission of the traditional owners of Shark Reef.
Study Area, Dive Protocol, Focal Observation and Shark
Behaviour
Shark Reef is located on the southern coast of Viti Levu, Fiji [4].
This small reef patch is part of a fringing reef that is separated
from the shallow waters of Beqa Lagoon by the deep (,250 m)
Beqa Channel (Fig. 1). Focal observations of C. leucas were made
between 2003 and 2011 on commercial shark watching dives in
the Shark Reef Marine Reserve, following the dive, feeding and
data collection protocol described in Brunnschweiler & Baensch
[18]. Briefly, sharks have been hand-fed on three to five days per
week between 09:00 and 12:00 at different sites within the marine
reserve. The feeding sites are about 20–30 m from one another at
different depths on the ocean facing side of the reef that slopes
down from the reef crest just below the water surface into the Beqa
Channel. The dive procedure starts with a first dive to 30 m where
sharks are attracted and fed with fish scraps and/or whole fish
heads. At this feeding site, only C. leucas and tawny nurse sharks
Nebrius ferrugineus turn up regularly. After 17 minutes, the divers
ascend up the reef slope to shallower waters where the feeder
hand-feeds grey reef Carcharhinus amblyrhynchos, whitetip reef
Triaenodon obesus and blacktip reef sharks Carcharhinus melanopterus.
After a one hour surface interval, a second dive is conducted at
16 m where the feeder hand-feeds C. leucas and, if present, other
large species with whole fish heads.
Focal observations in the Shark Reef Marine Reserve have been
made since 2003 by a few trained observers including one of us
(JMB). These show that C. leucas only gradually show up on the
Figure 1. Receiver array on the southern coast of Viti Levu, Fiji. (A) Off Shark Reef (inset) stations (7–16), and (B) locations of Shark Reef
stations (1–6).
doi:10.1371/journal.pone.0058522.g001
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Table 1. Carcharhinus leucas (n = 82) acoustically tagged at the Shark Reef Marine Reserve between 2006 and 2010.
Transmitter ID
Transmitter
type Name Sex Method Tagging date
Number of days
monitored Number of stations
Mean number of
detections per day
1 V16 (570) Whitenose M 1 17 March 2006 7 4 (1,2,9,10) 10.9
2 V16 (570) UKN F 1 17 March 2006 9 4 (1,2,9,10) 26.2
3 V16 (570) UKN F 1 18 March 2006 7 4 (1,2,9,10) 44.3
4 V16 (570) UKN F 1 18 March 2006 3 4 (1,2,9,10) 40.3
5 V16 (570) Stumpy F 1 20 March 2006 11 4 (1,2,9,10) 2.9
7 V16 (570) Crook F 1 19 May 2006 2 3 (1,9,10) 108
8 V16 (641) Hook F 1 23 June 2006 4 3 (1,9,10) 51.5
9 V16 (570) UKN F 1 2 January 2007 5 5 (1,2,9,10,15) 38.4
10 V16 (641) UKN M 1 3 January 2007 19 5 (1,2,9,10,15) 52.4
11 V16 (641) UKN F 1 3 January 2007 6 5 (1,2,9,10,15) 268.7
12 V16 (641) Monica F 1 4 January 2007 11 5 (1,2,9,10,15) 83.9
13 V16 (641) Crook F 1 6 January 2007 16 5 (1,2,9,10,15) 37.7
14 V16 (641) Flop F 1 6 January 2007 1 5 (1,2,9,10,15) 17
15 V16 (641) UKN M 1 8 January 2007 13 5 (1,2,9,10,15) 67.4
16 V16 (641) Bum F 1 9 January 2007 8 5 (1,2,9,10,15) 43.5
17 V16 (641) UKN F 1 10 January 2007 1 5 (1,2,9,10,15) 76
18 V16T (770) Valerie F 1 28 January 2008 2 8 (1–5, 8,10,15) 3
19 V16T (770) Grin F 1 28 January 2008 9 8 (1–5, 8,10,15) 35.1
21 V16T (770) Whitenose M 1 1 February 2008 2 8 (1–5, 8,10,15) 40.5
22 V16 (770) Monica F 1 5 February 2008 7 10 (1–5,8,10,11,13,15) 101.7
23 V16 (770) Bum F 1 5 February 2008 5 10 (1–5,8,10,11,13,15) 15.6
25 V16 (770) Hotlips F 1 8 February 2008 4 10 (1–5,8,10,11,13,15) 68.8
26 V16 (770) Hook F 1 13 February 2008 2 10 (1–5,8,10,11,13,15) 76
27 V16 (770) Chopper M 1 15 February 2008 7 10 (1–5,8,10,11,13,15) 18.7
28 V16 (770) UKN M 2 23 February 2008 11 10 (1–5,8,10,11,13,15) 3.2
29 V16 (770) Bumphead F 2 23 February 2008 63 10 (1–5,8,10,11,13,15) 63
30a V16 (770) Bumphead F 1 1 March 2008 9 10 (1–5,8,10,11,13,15) 17.8
32 V16 (770) Rip F 2 3 March 2008 462 16 (1–16) 51
33 V16 (770) UKN F 2 3 March 2008 34 10 (1–5,8,10,11,13,15) 38.4
34 V16 (770) Monica F 1 5 March 2008 2 10 (1–5,8,10,11,13,15) 7.5
35 V16 (770) Chopper M 2 5 March 2008 4 10 (1–5,8,10,11,13,15) 4.8
37 V16 (770) UKN F 2 19 Mach 2008 17 10 (1–5,8,10,11,13,15) 23.2
38 V16 (770) UKN F 2 19 March 2008 20 10 (1–5,8,10,11,13,15) 5.6
39 V16 (770) Flop F 1 21 March 2008 1 9 (1–5,8,11,13,15) 48
40 V16 (770) Bum F 1 21 March 2008 1 9 (1–5,8,11,13,15) 15
42 V16 (770) Hotlips F 1 26 March 2008 2 9 (1–5,8,11,13,15) 22.5
43 V16 (770) UKN F 2 26 March 2008 1 9 (1–5,8,11,13,15) 4
44 V16 (770) Second F 1 29 March 2008 1 9 (1–5,8,11,13,15) 30
45 V16 (770) UKN F 2 29 March 2008 13 9 (1–5,8,11,13,15) 28.8
46 V9T (73) Crook F 1 28 June 2008 6 10 (1–5,8,10,11,13,15) 21.5
47 V9T (73) Hotlips F 1 2 July 2008 5 10 (1–5,8,10,11,13,15) 14.4
50 V9T (73) Monica F 1 25 July 2008 13 10 (1–5,8,10,11,13,15) 0.8
55 V16 (1157) UKN F 2 25 August 2008 68 14 (1–5,7–15) 49.4
56 V16 (1157) UKN M 2 25 August 2008 32 14 (1–5,7–15) 24.8
57 V16 (1157) UKN F 2 26 August 2008 5 13 (1–5,7–13,15) 7.8
59 V16 (1157) UKN F 2 28 August 2008 145 13 (2–5,7–15) 11.2
60 V16 (1157) UKN F 2 28 August 2008 24 13 (2–5,7–15) 8.2
61 V16 (1157) UKN F 2 30 August 2008 12 13 (2–5,7–15) 22.3
62 V16 (1157) UKN M 2 30 August 2008 36 13 (2–5,7–15) 13.7
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first dive of the day at 30 m, presumably ascending from the
deeper waters of the Beqa Channel, and in lower numbers
compared to the second dive of the day at 16 m (Fig. S1). At both
feeding sites, however, C. leucas disappear out of sight immediately
after feeding has stopped and the divers leave the area. During
non-provisioning dives at the Shark Reef Marine Reserve, C. leucas
have been encountered occasionally in low numbers and only for
short time periods at the beginning of the dive.
To date, .100 C. leucas individuals have been catalogued in the
Shark Reef Marine Reserve database using visible marks and
pigmentation [18]. For 48 of these that have been encountered
since 2009 or before (17 since 2004, 7 since 2007, 4 since 2008, 20
since 2009; Table S1), we quantified the degree of residency to the
feeding site by dividing the number of days an individual was
observed by the number of days such data were collected at the
Shark Reef Marine Reserve (site fidelity index – SFIv). Values of
site fidelity range from 0 to 1, with values close to 0 indicating low
site fidelity and values close to 1 indicating high site fidelity.
Depending on the uniqueness and/or obviousness of marks and
pigmentation, identification of individuals can be challenging and
correct identification levels may differ between observers. In order
to quantify this challenge, we asked both a trainee and the senior
Table 1. Cont.
Transmitter ID
Transmitter
type Name Sex Method Tagging date
Number of days
monitored Number of stations
Mean number of
detections per day
63 V16 (1157) UKN F 2 2 September 2008 1 13 (2–5,7–15) 76
64 V16 (1157) Granma F 2 2 September 2008 25 13 (2–5,7–15) 17
66 V16 (1159) UKN F 2 5 February 2009 12 15 (1–15) 52.8
67 V16 (1159) UKN M 2 5 February 2009 109 16 (1–16) 48.7
68 V16 (1159) UKN F 2 5 February 2009 8 15 (1–15) 32.1
69 V16T (448) Chopper M 1 7 February 2009 28 15 (1–15) 39
70b V16T (448) Crook F 1 7 February 2009 10 15 (1–15) 51.7
71 V16T (448) Whitenose M 1 7 February 2009 6 15 (1–15) 48
72 V16T (448) Blunt F 1 7 February 2009 8 15 (1–15) 141.6
73 V16 (1159) UKN F 2 7 February 2009 239 16 (1–16) 31.4
74 V16 (1159) UKN M 2 7 February 2009 11 15 (1–15) 87
75 V16 (1159) Hook F 2 7 February 2009 355 16 (1–16) 46
76 V16T (448) Scar F 1 9 February 2009 7 15 (1–15) 193.9
77 V16T (448) Grin F 1 9 February 2009 5 15 (1–15) 77.2
78 V16 (1159) UKN M 2 9 February 2009 105 16 (1–16) 27.4
79 V16 (1159) UKN F 2 9 February 2009 119 16 (1–16) 60.2
80 V16 (1159) Crook F 2 10 February 2009 486 16 (1–16) 17.9
81 V16T (448) UKN F 1 11 February 2009 8 15 (1–15) 106.5
82 V16T (448) Bum F 1 11 February 2009 1 15 (1–15) 65
83 V16 (1159) Whitenose M 2 11 February 2009 184 16 (1–16) 24.2
84 V16T (448) Maite F 1 13 February 2009 1 15 (1–15) 54
85 V16 (1159) UKN F 2 17 August 2009 26 16 (1–16) 44.9
86 V16P (1122) UKN M 2 17 August 2009 51 16 (1–16) 77.8
89 V16P (1122) Wave F 2 18 August 2009 27 16 (1–16) 23.8
91 V16P (1122) UKN F 2 20 August 2009 19 16 (1–16) 43.6
93 V16P (1122) UKN F 2 25 August 2009 57 16 (1–16) 25.5
95 V13 (1585) Chopper M 1 22 February 2010 6 16 (1–16) 6
96 V13 (1585) Grin F 1 22 February 2010 5 16 (1–16) 24
97 V13 (1585) Sierra F 1 23 February 2010 1 16 (1–16) 25
98 V13 (1585) Marlen F 1 23 February 2010 4 16 (1–16) 2.3
99 V13 (1585) Whitenose M 1 25 February 2010 11 16 (1–16) 14.1
100 V13 (1585) Bum F 1 25 February 2010 2 16 (1–16) 2
103c V13 (1585) Crook F 1 4 March 2010 3 16 (1–16) 303
Sharks were tagged with V9, V13 or V16 acoustic transmitters (9 transmitters attached externally with a pressure sensor (V16P), 22 transmitters with a temperature
sensor (VxT) fed to C. leucas to monitor stomach temperature). Estimated tag life (days) is given in brackets. UKN = unknown, method 1= tag hand-fed, method 2 = tag
externally attached. Bold numbers are maximum number of receivers in the water during the monitoring period with individual station numbers in brackets. Refer to
Table S1 in [18] for the description of the natural marks of visually identifiable C. leucas individuals (n = 21).
aDouble-tagged with transmitter ID 29; excluded from analysis except for monitoring period
bDouble-tagged with transmitter ID 80 10–17 February 2009; excluded from analysis except for monitoring period
cDouble-tagged with transmitter ID 80; excluded from analysis except for monitoring period
doi:10.1371/journal.pone.0058522.t001
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observer, who established the database in 2003 and has named all
the catalogued sharks, to rate each of the 48 individual as
‘unequivocal’, ‘easy’ or ‘challenging’ to identify. In those cases
where the two observers disagreed on the level of difficulty to
identify an individual (29.2%) or where the trainee had not yet
encountered the individual (18.8%), we used the more challenging
rating or the senior observer’s judgment, respectively, for further
analyses.
Acoustic Monitoring
Between 2006 and 2010, adult C. leucas visiting the feeding sites
in the Shark Reef Marine Reserve [18] were tagged with a total of
103 acoustic-coded Vemco R-coded, 69 kHz acoustic transmitters
(min/max off times between 15–45 s and 110–250 s) manufac-
tured by Amirix Systems Inc., Nova Scotia, Canada (Table 1).
Sharks were tagged predominantly at the beginning of a calendar
year (January–March), when C. leucas numbers are highest in the
Shark Reef Marine Reserve, or in late August/early September
(Fig. S2), the time of the year numbers start to decrease [18].
Shark Reef is a protected area in which the catching of marine
life is not permitted, therefore we chose to either hand-feed
transmitters to sharks (stomach tags; n = 62) at the 16 m feeding
site [19] or have tags externally attached (external tags; n = 41) by
a scuba diver using a spear gun [20]. Of all C. leucas individuals
tagged, 21 could be identified using marks and pigmentation [18];
10 of these were double-tagged or tagged multiple times (Table 1).
One female (ID 32) was double-tagged with a pop-up satellite
archival tag (PSAT) for 9 days in 2009 (7–16 February; F14 in
[20]).
The coarse-scale movements of tagged C. leucas and their site
fidelity to Shark Reef, specifically to the feeding sites within the
Shark Reef Marine Reserve, were quantified using an array of up
to 16 Vemco VR2/VR2W omnidirectional acoustic receivers
(Amirix Systems Inc., Nova Scotia, Canada) deployed at various
reef locations (Fig. 1). Receivers were either attached to mooring
lines or a rope of 1.5–3 m length with a floating buoy and attached
to a cement block. Shark Reef was equipped with at maximum six
acoustic receivers (Stations 1–6; Fig. 1, Table 2). Being attached to
the dive boat mooring line at 18 m depth in front and above the
16 m and 30 m feeding sites, respectively, Station 1 was
considered the major (only) baiting station. Most receivers were
placed on the reef slope facing Beqa Channel or channels between
reef patches (e.g. Stations 2 and 7) at depths of 15–40 m, with the
exception of station 5 which was placed on the inside of Shark
Reef and Station 12 placed at the mouth of the Navua River
(Fig. 1). Four receivers (13–16) were placed at or near reef patches
on the other side of Beqa Channel (Fig. 1). Acoustic receiver
locations were generally chosen to detect shark movements along
the fringing reefs and across the Beqa Channel (Stations 13–16),
and also to provide monitoring coverage of deeper areas (e.g.
Station 6). Maximum depths at which C. leucas were detected at
particular receivers ranged from 22.7 m (Station 14) to 146.5 m
(Station 6; Table 2). Receiver detection range tests were carried
out in the array in February 2008 and May 2010 and yielded
estimates of generally ,60 m, values typical for coral reef habitats
[21,22]. Stations 1, 2, 3 and 6 had partially overlapping detection
ranges.
Acoustic Monitoring Analysis
Presence of C. leucas was examined daily, with tagged individuals
considered present in the array (all stations), at Shark Reef (SR;
Stations 1–6) or off SR (Stations 7–16) if two or more detections
were heard on any of the respective receivers on a given day.
Transmitters that were either not heard from or were only logged
Table 2. Coverage periods of acoustic receivers used in the study.
Station number Start coverage End coverage Periods not covered (days) Maximum depth (m) Mean depth (m)
Shark Reef
1 17 March 2006 End of study 27 August 2008 – 4 February 2009 (161) 104.6 36.4 (10.3)
16 May – 17 June 2009 (32)
2 17 March 2006 End of study 21 March 2006 – 5 January 2007 (290) 123.7 41 (18.5)
3 15 January 2008 12 February 2010 126.4 38.6 (12.3)
4 22 January 2008 End of study NA NA
5 22 January 2008 26 February 2010 NA NA
6 12 February 2009 End of study 146.5 39.3 (12.6)
Off Shark Reef
7 27 August 2008 End of study 27 November 2009 – 15 January 2010 (49) 52.8 21.8 (8.9)
8 22 January 2008 End of study 17 June – 21 August 2009 (65) 65.5 46 (14.8)
9 18 March 2006 End of study 28 January – 27 August 2008 (212) NA NA
25 August – 15 September 2009 (21)
10 18 March 2006 End of study 20 March – 21 May 2008 (62) 78.2 30.1 (17.6)
11 9 February 2008 End of study 105.5 34.3 (18.1)
12 29 August 2008 End of study 28.2 21.7 (4.2)
13 9 February 2008 End of study NA NA
14 2 September 2008 End of study 22.7 21.7 (4.2)
15 18 September 2006 End of study 40 24.2 (9)
16 17 April 2009 End of study NA NA
Maximum and mean (6SD) depths recorded at particular receivers were determined from C. leucas equipped with V16P transmitters (Table 1). NA = not availabl
doi:10.1371/journal.pone.0058522.t002
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at the day of tagging were not included in the analysis (n = 21). For
C. leucas being considered present at a particular receiver (e.g. at
Station 1) and during a particular time period (e.g. present at
Station 1 between 09:00 and 12:00), at least two detections had to
be logged at such receiver on a given day or during the time
period, respectively. The mean number of detections per day was
calculated by dividing the total number of detections by the
monitoring period of the individual.
For C. leucas monitored for .10 days (n = 36; Table 3), we
calculated site fidelity indexes (SFIa) for Array (all stations), SR
(Stations 1–6), 1 (Station 1) and 19-12 (Station 1 between 09:00 and
12:00) by dividing the number of days an individual was detected
in the Array, at SR, Station 1 or Station 1 between 09:00 and
12:00 by the monitoring period of the individual. In order to
evaluate whether or not C. leucas came to the feeding site more
often on days when food was offered compared to non-feeding
days, we divided the number of days an individual was detected at
Table 3. SFIa values determined from transmitters attached to C. leucas for .10 days (n = 36).
Transmitter ID Name
Number of days
monitored SFIa
Array SR 1 19-12 19-12feeding 19-12non-feeding
5 Stumpy 11 0.92 0.67 0.67 0.25 0.29 0.2
12 Monica 11 1 1 1 0.92 0.9 1
28 UKN 11 0.25 0.25 0.25 0.17 0.29 0
74 UKN 11 1 0.92 0.92 0.75 0.75 0.75
99 Whitenose 11 1 1 0.67 0.5 0.75 0
61 UKN 12 0.69 0.62 NA NA NA NA
66 UKN 12 1 0.92 0.69 0.54 0.44 0.75
15 UKN 13 0.79 0.79 0.79 0.79 0.8 0.75
45 UKN 13 0.79 0.79 0.71 0.5 0.44 0.6
50 Monica 13 0.14 0.14 0.07 0.07 0.11 0
13 Crook 16 0.94 0.82 0.65 0.53 0.54 0.5
37 UKN 17 0.72 0.72 0.67 0.61 0.57 0.75
10 UKN 19 0.8 0.75 0.7 0.65 0.69 0.5
91 UKN 19 0.85 0.7 0.6 0.25 0.33 0.13
38 UKN 20 0.24 0.19 0.19 0.19 0.19 0.2
60 UKN 24 0.72 0.24 NA NA NA NA
64 Granma 25 0.85 0.69 NA NA NA NA
85 UKN 26 0.96 0.78 0.67 0.41 0.43 0.36
89 Wave 27 0.54 0.54 0.43 0.29 0.38 0.17
69 Chopper 28 0.66 0.59 0.55 0.52 0.68 0.2
56 UKN 32 0.76 0.7 NA NA NA NA
33 UKN 34 0.74 0.66 0.57 0.54 0.62 0.43
62 UKN 36 0.59 0.59 NA NA NA NA
86 UKN 51 0.69 0.63 0.62 0.58 0.57 0.58
93 UKN 57 0.64 0.52 0.43 0.31 0.39 0.22
29 Bumphead 63 0.77 0.73 0.69 0.61 0.69 0.52
55 UKN 68 0.84 0.78 NA NA NA NA
78 UKN 105 0.65 0.61 0.54 0.52 0.67 0.28
67 UKN 109 0.71 0.65 0.57 0.5 0.55 0.42
79 UKN 119 0.51 0.46 0.34 0.31 0.33 0.28
59 UKN 145 0.45 0.3 NA NA NA NA
83 Whitenose 184 0.63 0.58 0.47 0.4 0.42 0.37
73 UKN 239 0.49 0.45 0.35 0.33 0.34 0.32
75 Hook 355 0.46 0.36 0.32 0.29 0.34 0.21
32 Rip 462 0.53 0.47 0.56 0.48 0.48 0.48
80 Crook 486 0.4 0.32 0.25 0.21 0.24 0.16
Mean (6SD) 0.69 (0.11) 0.61 (0.22) 0.55 (0.21) 0.45 (0.20) 0.49 (0.20) 0.38 (0.26)
Array = all stations, SR = Stations 1–6, 1 = Station 1, 19-12 = Station 1 between 09:00 and 12:00, 19-12feeding = Station 1 between 09:00 and 12:00 on feeding days, 19-
12non-feeding = Station 1 between 09:00 and 12:00 on non-feeding days. NA = not available, UKN = unknown.
doi:10.1371/journal.pone.0058522.t003
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Station 1 between 09:00 and 12:00 by the number of feeding days
(19-12feeding) and non-feeding days (19-12non-feeding), respectively.
A Fast Fourier Transform (FFT) was computed for 12 of the 16
individuals monitored for .30 days (Table 3) to identify any
temporal periodicity in shark activity around Station 1 on feeding
and non-feeding days. No Fourier analysis was conducted for the
other four C. leucas (IDs 55, 56, 59, 62) as Station 1was not in the
water for the majority of the detection period for these individuals.
Input data were the number of detections per hour blocks. A FFT
separates time-series data into frequencies and identifies any
sinusoid patterns, or periodicity, in the dataset. A power spectrum
is then constructed and the dominant frequencies are represented
by peaks in the spectrum [23]. Before analysis, data were
smoothed with a Hamming window, a weighted moving average
transformation used to smooth the periodogram values [24].
Windowing reduces discontinuity between frames, smoothes the
data and reduces noise, thus improving the ‘quality’ of the
harmonics so that spectral leakage is reduced and it is easier to
identify the frequencies that contribute the most for the overall
periodicity of the time series. To further investigate temporal use
of Station 1 on feeding and non-feeding days, a timeline using all
tagged sharks was constructed showing the hours of the day a
shark was present at Station 1. A circular statistics Chi-square test
(Oriana 3 software) was used to compare if there were differences
in arrival times of C. leucas at Station1 between feeding and non-
feeding days. The number of consecutive hours sharks spent at
Station 1 was also compared between feeding and non-feeding
days with the non-parametric Mann-Whitney U-test. Only data
for animals first detected in the morning (during potential feeding
period) were considered, i.e. only animals/days for which the first
detections were between 09:00 and 12:00 were used, and each day
any individual shark was present was considered as a replicate.
Circular statistics were also used to study the diurnal pattern of
area use around stations or groups of stations for C. leucas
monitored for .10 days (n = 36; Table 3). For these analyses, the
response variable was the number of individuals detected by a
receiver at each of the 24 hours of the day, and replicates were the
different days. If a shark was detected by a receiver two or more
times in any particular hour, it was considered as having been
present during that hour. Chi-square circular tests were used to
examine if there were temporal (over the 24 h day) differences in
area use of each station or grouped stations. These comparisons
were also conducted on feeding and non-feeding days.
For C. leucas monitored for .50 days (n = 13; Table 3), we
plotted days that each individual was detected at Shark Reef
(Stations 1–6) and off Shark Reef (Stations 7–16) on a timeline to
determine if individuals are permanent residents at Shark Reef
and to compare detections inside and outside the Shark Reef
Marine Reserve. The number of times an individual returned to
the receiver array or Shark Reef after it was absent for a period of
24 h or more, respectively, was tallied for each C. leucas.
Results
Of a total of 103 acoustic transmitters attached to C. leucas
individuals, 82 were included in the analysis with monitoring
periods of 1–486 days (total number of detections = 114,282;
Table 1, Fig. S2). Forty-nine of these were fed to C. leucas, resulting
in monitored periods of 1–28 days (mean6SD=6.365.3 days).
Carcharhinus leucas with tags attached externally (n = 33) were
monitored for periods of 1–486 days (mean 6 SD=84.36126.6
days). The mean number of detections per day of acoustically
tagged C. leucas in the receiver array ranged from 0.8–268.7
(Table 1).
Area and Station Use
A circadian (24 h) periodicity in the use of Station 1 was
detected for 11 of the 12 C. leucas tested both on feeding and non-
feeding days (see Fig. 2 for an example). One individual (ID 93)
showed no periodicity in the use of Station 1 on either feeding or
non-feeding days. Diel timeline graphs (24 h) show that this
periodicity is associated with C. leucas consistently occurring at
Station 1 in the mornings regardless of whether feeding or non-
feeding days (Fig. 3) with no significant difference in the arrival
time at Station 1 on feeding or non-feeding days (Chi-square test,
p = 0.158). However, there was a significant difference in the
amount and distribution of hours C. leucas spent at Station 1
between feeding and non-feeding days (Chi-square test, p,0.001).
The diel timeline graph suggests that this difference is driven by C.
leucas remaining at Station 1 for longer periods of time on feeding
days (Fig. 3). Moreover, after being detected for the first time
between 09:00 and 12:00, sharks spent significantly more
consecutive hours at Station 1 on feeding days (2.661.2 hours)
than on non-feeding days (2.061.0 hours) (Mann–Whitney U-test,
p,0.001).
Further comparisons of area use based on stations grouped
showed that the use of the remainder of Shark Reef (Stations 2–6
grouped) did not vary between feeding and non-feeding days (Chi-
Figure 2. Fast Fourier transform of the time series of number of
detections per hour at Station 1 for one representative C. leucas
individual (ID 75). A 24 h pattern was evident for 11 of the 12 C.
leucas tested (see text for details). The x-axis shows the frequency, a
function of periodicity, and the y-axis is the spectral density, indicating
the most important cycle periodicities.
doi:10.1371/journal.pone.0058522.g002
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square test, p = 1.000), nor did the use of areas outside of Shark
Reef (Stations 7–16 grouped) (Chi-square test, p = 1.000) (Fig. 4).
The overall pattern is for C. leucas to use the area around Station 1
in the morning before spreading out over Shark Reef throughout
the day and dispersing over the entire array at night (Figs. 4 and
S3).
A more detailed analysis of area use comparing grouped stations
(Shark Reef 1–6, Station 7, Stations 8–10 and 11–16) shows that
C. leucas displayed temporal differences in the use of the areas
within the array (Chi-square tests, p,0.001 for all comparisons).
The general pattern is for sharks to occur at Shark Reef, but also
to move to neighbouring reefs (Stations 8–10) during the day
(Figs. 1 and 5). Between 18:00–00:00 C. leucas peak in area use
around Station 7 before moving further afield for the remainder of
the nocturnal period, which includes Stations 11–16 (Fig. 5).
Site fidelity
Site fidelity indexes SFIa of C. leucas monitored for .10 days
varied among individuals and, with one exception (ID 32), remained
the same or decreased from Array to 19-12 (Table 3). SFIa values
decreased with increasing number of days transmitters were
attached to individual C. leucas for Array (y=20.0007x+0.7449,
R2= 0.4, p,0.05), SR (y=20.0007x+0.6661, R2= 0.02, p,0.05)
and 1 (y=20.0006x+0.6013, R2= 0.37, p,0.05), but not 19-12
(y=20.0004x+0.4819, R2= 0.25, p.0.05) (Fig. S4). The majority
of C. leucas had site fidelity indexes .0.5 for Array, SR, and 1
(80.6%, 72.2% and 65.5%, respectively), whereas 58.6% of C. leucas
had SFIa values #0.5 for 19-12 (Table 3). Site fidelity indexes SFIa
19-12 did not differ between feeding and non-feeding days (Mann–
Whitney U-test, p.0.05; Table 3).
Mean site fidelity indexes SFIv for 48 individual C. leucas that
could be visually identified based on external markings and
pigmentation ranged from 0.02–0.31 (Fig. 6, Table S1), and did
not differ between C. leucas individuals that were ‘unequivocal’,
‘easy’ or ‘challenging’ to identify (ANOVA, p= 0.236). Whereas
mean monthly SFIv values of some C. leucas individuals were
within a relatively narrow range throughout a calendar year
(Fig. 7A), others were encountered at higher rates only or not at all
in certain months of the year (Fig. 7D, Table S2). However, a
general pattern found was that most individuals were encountered
less often in the second half of a calendar year (Fig. 7B and C,
Table S2).
Site fidelity indexes of C. leucas individuals determined by focal
observation at the feeding site (SFIv; n = 48 individuals) were lower
compared to SFIa 19-12 values (n = 29 transmitters) determined by
acoustic monitoring (mean 6 SD=0.1660.08 vs.
mean6SD=0.4560.2; Mann–Whitney U-test, p,0.001).
Intraspecific Variation – Examples
Between Individuals. The number of times C. leucas tagged
for .50 days returned to the array and/or Shark Reef after being
absent for periods of few days to several months (Fig. 8) ranged
from 5–38 (mean 6 SD=17.9611.4) and 7–44 (mean 6
SD=21.1613.8), respectively (Table 4). Three female individuals
(IDs 32, 73, 80) were not detected at Station 1 between 09:00 and
12:00 for .100 consecutive days (maximum =210 days, ID 80),
all in the second half of a calendar year (Table 4). With the
exception of C. leucas ID 80, if sharks were absent from Shark Reef
and/or the feeding site for longer time periods, they were also not
detected outside the protected area (Fig. 8, Table 4).
Three female C. leucas (Rip ID 32, Hook ID 75 and Crook ID
80) were monitored with external tags for periods .1 year (Figs. 8
and S2, Table 1). Hook, an individual unequivocal to visually
identify and Crook, an individual challenging to identify, have
both been regular visitors to the feeding site with overall SFIv
values of 0.21 and 0.27, respectively (Fig. 6, Table S1). Although
lower, these are values in a similar range compared to the
respective values determined by acoustic monitoring (Table 3).
Carcharhinus leucas Rip (ID 32), like Crook rated challenging to
visually identify by the observers, on the other hand had a much
Figure 3. 24 h timeline showing the period of time a C. leucas was present at Station 1 on non-feeding and feeding days. Each line in
the timeline (y-axis) represents an individual’s occurrence at Station 1 on a given day. The red shaded area denotes the time of the day when feeding
occurred at the Shark Reef Marine Reserve (09:00–12:00).
doi:10.1371/journal.pone.0058522.g003
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larger SFIa value (0.48; Table 3) compared to the overall SFIv
value (0.06) determined from direct observation at the feeding site
(Fig. 6, Table S1). With tags attached externally, however, all three
C. leucas individuals were, if detected at Station 1 between 09:00
and 12:00 on feeding days, visually confirmed to be present with
likelihoods in a similar range (Rip= 40%, Crook= 45%,
Hook= 52%).
All three female C. leucas were tagged in the first quarter of a
calendar year (Table 1), but showed different residency patterns
during the monitoring periods. Both Crook and Rip were regularly
detected within the receiver array for the first few months after
tagging and then left the receiver array for several months in the
second half of the calendar year (Fig. 8, Table 4). After leaving in
June 2008, Rip was not detected for 133 consecutive days (Table 4)
before returning to the array and occasionally Shark Reef in
November for two weeks. After being again not detected in the
receiver array for 35 consecutive days the shark resumed a
residency pattern of being detected in the array and at Shark Reef
for several consecutive days or weeks, interspersed with periods of
absence of several consecutive days until the end of the monitoring
period in June 2009 (Fig. 8). This pattern and the associated
vertical niche are exemplified by data collected when Rip was
double-tagged with acoustic transmitter ID 32 and a PSAT
between 7 and 16 February 2009. During this time period, the
shark was detected at receivers mostly during daytime and at
Station 1 between 09:00 and 12:00 on every day except for 13 and
14 February when it was not recorded in the receiver array (Fig. 9).
Mean swimming depth on days Rip was detected in the array was
lower compared to depths recorded on 13 and 14 February (mean
6 SD=64.4630.6 m vs. mean 6 SD=76.3628.5 m; Mann–
Whitney U-test, p,0.001; Fig. 9). Despite being detected multiple
times each day at Shark Reef stations including Station 1 during
the time feeding took place at Shark Reef (n = 6 days), Rip was
visually confirmed to be present on only two of these days (9 and
10 February).
Crook, the overall longest tagged C. leucas (Table 1), left the
receiver array in June 2009. With the exception of two consecutive
days in August when it was detected at Shark Reef, but not the
feeding station in the morning hours, and one day in December
when Crook was detected off Shark Reef, this individual was not
detected in the receiver array until January 2010. From then on,
this individual was again detected at Shark Reef on a regular basis
until the end of the monitoring period in June 2010 (Fig. 8,
Table 4).
Carcharhinus leucas Hook was monitored for 355 days between
February 2009 and January 2010. The residency pattern of this
individual can be characterized by blocks of detection periods of
several weeks during which Hook was detected on few to several
consecutive days interspersed with periods of absence from the
receiver array of similar lengths (Fig. 8). A similar residency
pattern, although shorter in duration, was recorded for the longest
monitored male C. leucas individual (Whitenose, ID 83), which was
tagged for 184 days between February and August 2009 (Fig. 8,
Tables 1 and 3).
Within Individuals. Female C. leucas Monica was tagged a
total of four times in 2007 and 2008 (all stomach tags) with two
monitoring periods .10 days (IDs 12 and 50; Table 1). This
individual has been a regular visitor to the feeding site since 2004
with an overall SFIv value of 0.19 (Fig. 6, Table S1). Tag ID 12
was fed to Monica on 4 January 2007 and the shark was
monitored until 15 January 2007 (Table 1). During this time
period, Monica was detected within the receiver array, at Shark
Reef and, with the exception of the last day of the monitoring
period, at Station 1 between 09:00 and 12:00 on every single day
(Table 3). On all the days Monica was visually identified at the
feeding site (n = 7), the presence of this shark was confirmed by
acoustic detections at Station 1 between 09:00 and 12:00. The
second tag (ID 50) was fed to Monica on 25 July 2008 and the
shark was monitored until 7 August 2008 (Table 1). Contrary to
the previous monitoring period, Monica was not detected by any
of the receivers except for the last day of the monitoring period.
On this day when feeding took place at Shark Reef, Monica was
first detected at Station 11 just after noon and then again between
17:00 and 17:30 at Shark Reef (Station 2).
Stomach Temperatures and Depths
Mean stomach temperatures recorded by transmitters fed to C.
leucas individuals ranged from 26.54–28.58 uC (Table S3).
Stomach temperatures recorded between June and August 2008
were lower compared to those recorded in February and March
2009 (mean 6 SD=26.6160.27 uC vs. mean6-
SD=27.9260.82uC; Mann–Whitney U-test, p,0.001), reflecting
the cooler/warmer ambient water temperatures in austral summer
and winter, respectively (Fig. S5). Mean swimming depths
recorded by transmitters attached externally to C. leucas individuals
and logged by receivers ranged from 31.3–39.6 m (Table S3).
Figure 4. Circular plots showing the percentage of hours C.
leucas were detected at Station 1, Shark Reef and off Shark
Reef over the 24 h diel cycle.
doi:10.1371/journal.pone.0058522.g004
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Discussion
Aggregations of single or multiple species of sharks at small
spatial scales are known to occur both naturally [25–28] and at
ecotourism provisioning sites [15,29], but still relatively little is
known from only a few species about their residency and
movements patterns in the latter context [13–16]. Our results
contribute to filling this knowledge gap. Overall site fidelity,
presence/absence and movement patterns of C. leucas were similar
on provisioned and non-provisioned days. Moreover, our results
from food-provisioned adult C. leucas from Fiji are generally in line
with similar results from other, comparable, provisioned and not,
shark species, and also non-provisioned C. leucas as shown by the
following discussion.
The little information currently available on adult C. leucas
movement behaviour indicates that individuals primarily use
shallow marine habitats close to coasts and have generally small
activity spaces, staying in limited areas over long periods without
showing pronounced large-scale movements [30,31]. Such behav-
iour was also found for electronically tagged C. leucas at the Shark
Reef Marine Reserve ([20]; this study). Similar to other shark
species associated with coral reefs and/or provisioning sites (e.g.
[13,32]), individual C. leucas also were absent from the study area
for several weeks to months and left the area on larger scale before
returning to the feeding site ([20]; this study). Our results clearly
Figure 5. Circular plots showing the percentage of hours C. leucas were detected at grouped stations over the 24 h diel cycle. Sample
sizes (i.e. number of hours): Shark Reef, n = 12,688; Station 7, n = 438; Stations 8–10, n = 514; Stations 11–16, n = 1,466.
doi:10.1371/journal.pone.0058522.g005
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show that C. leucas individuals are not permanent residents at the
Shark Reef Marine Reserve, but use the broader coastal area at
different temporal scales on the southern coast of Viti Levu.
The use of restricted areas or resting in a core area during the
day followed by dispersal at night to cover greater areas,
presumably in the context of increased foraging activity, has been
observed in a number of both food-provisioned and non-
provisioned elasmobranch species [13,26,28,33–35]. We found a
similar pattern, namely that C. leucas were using Shark Reef
throughout the day and dispersing over the entire array at night.
Interestingly, only at night C. leucas moved to Station 12, the only
estuary location covered by the array (Fig. 1) which might indicate
that sharks forage in the Navua River mouth or even up river at
night. Carcharhinus leucas are known to increase their feeding
activity during nocturnal hours and to be associated with riverine/
estuarine habitats [36–38].
Despite year-round availability of food, C. leucas were not
permanently attracted to the Shark Reef Marine Reserve.
Individual adult C. leucas showed weak to strong site fidelity to
the receiver array (range 0.14–1; Table 3), a range similar to what
has been found for other species [39,40]. Lower site fidelity values,
both on feeding and non-feeding days, were recorded for Station
1, indicating that individuals do not necessarily come to the
feeding site even on days when present in the area and food is on
offer. This, together with the anecdotal observations of very few C.
leucas on non-feeding days and sharks leaving the feeding site as
soon as feeding stops, indicates that C. leucas avoid the area when
humans are present, and hence food provisioning is essential to
elicit human-oriented C. leucas behaviour. As such and sensu Knight
[1], C. leucas can be considered ‘typical wild animals’ that are
generally human-averse. Their behavioural response to humans is
in stark contrast to some coastal teleosts that, after learning to
associate food with human presence, lose fear and encircle people
in the water even when food is not provided in fish-feeding areas
[41,42]. At the same time, our finding that site fidelity indexes
determined from direct diver observation were generally smaller
compared to such values determined from acoustic monitoring,
exemplifies the likelihood of bias in the collection of presence/
absence, abundance or behavioural data of mobile fish using
underwater visual census and observation techniques.
Both from visual and acoustic monitoring, detections at the
feeding site were highest in the first half of a calendar year for most
C. leucas, although some individuals visit Shark Reef year-round
([18]; this study). Such seasonal patterns and intraspecific
variability in the level of site visitation/attendance have been
observed in other species too, both at sites where sharks naturally
Figure 6. Site fidelity indexes (SFIv) determined from direct observation of visually identifiable C. leucas at the Shark Reef Marine
Reserve between 2004 and 2011. Mean SFIv values of 25 ‘unequivocal’, 9 ‘easy’ and 14 ‘challenging’ to identify C. leucas individuals (see text for
details). SD = variation between years. Red dots denote individuals for which also acoustic monitoring data are available (see Table 3). Refer to Table
S1 in [18] for description of natural marks of individuals.
doi:10.1371/journal.pone.0058522.g006
Figure 7. Examples of intraspecific variation of C. leucas monthly encounter rates. Representative examples of mean (6SD) monthly SFIv
values from (A) Rip, (B) Crook, (C) Hook and (D) Long John. Red dots denote SFIv values; blue dots denote SFIa 19-12 values. Standard deviations
represent variation between years (SFIv = 2004–2011; SFIa =monitoring period). Refer to Table S1 in [18] for description of natural marks of individuals.
doi:10.1371/journal.pone.0058522.g007
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aggregate [25,26,32,43] and to where they are attracted for
tourism purposes [15,16,29], and have generally been suggested to
relate to reproductive activity. Our results allow us to conclude
that C. leucas individuals do not simply stay away from the feeding
site or out of sight at certain times of the year [18], but leave the
area on larger scale. However, it remains unknown where exactly
reproductive activity of Fijian C. leucas takes place.
Over the past few years we have studied C. leucas visiting the
Shark Reef Marine Reserve using satellite [20] and acoustic
telemetry (this study) as well as direct diver observations ([18]; this
study). The picture that is emerging can be summarized as follows:
Food provisioning by means of hand-feeding appears to congre-
gate, at least at certain times of the year, large numbers of C. leucas
in waters around Shark Reef on the southern coast of Viti Levu
[18]. If present in the area, sharks may come to the Shark Reef
Marine Reserve regardless of feeding or non-feeding days, but
remain for longer periods of time on feeding days. Individual C.
leucas show varying degrees of site fidelity to the feeding site, Shark
Reef and neighbouring reefs. The overall diel patterns in local-
scale movement are for C. leucas to use the area around the feeding
site in the morning before spreading out over Shark Reef
throughout the day and dispersing over the entire array, including
crossing the Beqa Channel, more at night. Both focal observation
and acoustic monitoring show that C. leucas intermittently leave the
area for a few consecutive days throughout the year, and longer
time periods generally at the end of the calendar year, before
returning to the feeding site. In summary, our results indicate that
C. leucas respond to the food on offer when encountering it, but the
feeding operation does not appear to drive their long-term
movements and the sharks are not strongly conditioned as
Figure 8. Timeline of the daily detections of C. leucasmonitored for.50 days. Grey dots denote detections at Shark Reef (Stations 1–6) and
black dots detections off Shark Reef (Stations 7–16).
doi:10.1371/journal.pone.0058522.g008
Table 4. Maximum number of consecutive days C. leucas monitored for .50 days were not detected in the array (Stations 1–16),
at Shark Reef (Stations 1–6) and at Station 1 between 09:00 and 12:00, and number of returns to the receiver array and Shark Reef.
Transmitter ID Number of days monitored (moy)
Maximum number of consecutive days (moy) not detected
in/at: Number of returns to:
Array SR 19-12 Array SR
29 63 (February–April) 4 4 8 9 9
32 462 (all) 133 133 133a (July–November) 28 40
55 68 (August–November) 4 6 6a 6 7
59 145 (August–January) 27 28 28 16 14
67 109 (February–May) 8 8 8 16 20
73 239 (February–October) 95 95 103 (June–September) 19 18
75 355 (all) 48 49 51a 28 40
78 105 (February–May) 4 4 6a 18 17
79 119 (February–June) 34 35 35 5 9
80 486 (all) 124 149 210a (June–January) 36 44
83 184 (February–August) 9 10 10 38 36
86 51 (August–October) 8 8 8 6 9
93 57 (August–October) 8 9 20 8 10
moy = month(s) of the year.
aMinimum number of days because period not entirely covered by Station 1 (see Table 2)
doi:10.1371/journal.pone.0058522.t004
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otherwise they would be expected to be present at almost every
feed.
In conclusion, our results and the still few studies that looked at
the behavioural response of sharks to food provisioning all indicate
that residency patterns and site fidelity to long-term shark
provisioning sites are species specific and that intraspecific
variation exists. Furthermore, evidence is accumulating that
chumming and food provisioning are unlikely to fundamentally
change movement patterns at large spatial and temporal scales,
and seem to only have a minor impact on the behaviour of large
predatory sharks [14,16,44]; hence, the creation of behavioural
effects at the ecosystem level seems unlikely [44]. It is further
worth noting that sharks that were both visually observed and
tagged in this study were individuals that have a higher propensity
for showing behavioural responses to provisioning. We found that
C. leucas do not appear to be strongly conditioned to the
provisioning tourism and also exhibited diver avoidance. Howev-
er, the sharks monitored in this study are biased to being
individuals ‘more likely’ or ‘more comfortable’ to be observed or
tagged. Thus, it stands to reason that the overall impacts of
provisioning tourism on the C. leucas population as a whole is even
less.
But despite the indication that levels of residency and diel
activity and behaviour as well as local-scale movement patterns
found for C. leucas in this and previous studies [20] can be regarded
as ‘normal’, it is possible that hand-feeding sharks at the Shark
Reef Marine Reserve for more than 10 years has been attracting
C. leucas to the area, and that individual sharks visit Shark Reef
more often and/or spend more time in the area. This may raise
concerns about increased susceptibility to local fishing operations
[13]. However, the feeding operation we looked at here is closely
linked to a local marine conservation project which protects all
sharks in the Shark Reef Marine Reserve and adjacent coastal
areas [4]. Marine reserves are increasingly being proposed for
elasmobranch conservation [28,34,45,46], but only a few studies
have used movement analysis to test the effectiveness of marine
reserves in protecting elasmobranchs (e.g. [34,43,45,47]). As such,
the Shark Reef Marine Reserve is another example of how shark
provisioning tourism can be an effective strategy that can
contribute to apex predator conservation, this time for C. leucas
[16].
Supporting Information
Figure S1 Mean (± SD) number of C. leucas counted on
the first dive at 30 m (n=1,270 dives) and on the second
dive of the day at 16 m (n=1,184 dives) between 2003
and 2011. For count methodology see [18].
(PDF)
Figure S2 Monitoring periods of 79 acoustically tagged
C. leucas (Table 1) in the receiver array. For those
transmitters that were attached to sharks 31 December/1 January
(IDs 32, 59, 75, 80), the day of tag attachment is indicated with a
red square and the end of the monitoring period with a green
square.
(PDF)
Figure S3 Hourly percentage of detections of C. leucas
in the receiver array. Tagged C. leucas were detected (total
number of detections = 114,282) at Shark Reef receivers (white
dots = Stations 1–6, 106,995 detections; grey dots = Station 1
only, 42,595 detections) from early morning to early afternoon,
particularly between 09:00 and 12:00. Black dots denote receivers
off Shark Reef (Stations 7–16, 7,287 detections). SD= variation
between receivers. The red shaded area denotes the time of the
day when feeding occurred at the Shark Reef Marine Reserve.
(PDF)
Figure S4 Regression analysis was used to evaluate
whether or not SFIa values decreased with increasing
number of days transmitters were attached to individual
C. leucas. SFIa values decreased for Array (black dots;
y=20.0007x+0.7449, R2= 0.4, p,0.05), SR (grey dots;
y=20.0007x+0.6661, R2= 0.02, p,0.05) and 1 (white dots;
y=20.0006x+0.6013, R2= 0.37, p,0.05), but no trend was
detected for 19–12 (red dots; y=20.0004x+0.4819, R2= 0.25,
p.0.05).
(PDF)
Figure S5 Water temperature in the Shark Reef Marine
Reserve was recorded with UTBI-001 TidbiT v2 data
loggers. From June to August 2008, water temperature was
recorded by one logger placed at 10 m (recording interval 5 min).
Between February and March 2009, water temperature was
Figure 9. Time-depth series of satellite tagged C. leucas Rip. In addition to acoustic tag ID 32, the female shark was tagged with a PSAT
(standard rate X-Tag; for tag specifications see F14 in [20]) for 9 days in February 2009. Red dots denote acoustic detections at Shark Reef (Stations 1–
6) and off Shark Reef (Stations 7–16). Grey shaded areas denote night (18:00–06:00); light red shaded areas denote days and time (09:00–12:00) of
feeding.
doi:10.1371/journal.pone.0058522.g009
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calculated (mean) from two data loggers (recording intervals
60 min) placed at 10 m and 30 m. Black horizontal lines are mean
water temperatures and blue horizontal lines are mean stomach
temperatures from C. leucas individuals tagged during the
respective time period (n = 3 in 2008, n= 9 in 2009; see Table 1
for details).
(PDF)
Table S1 Annual site fidelity indexes (SFIa) determined
from visual monitoring of C. leucas at the feeding site in
the Shark Reef Marine Reserve between 2004 and 2011.
Refer to Table S1 in [18] for description of natural marks of
individuals.
(PDF)
Table S2 Mean monthly SFIv values (SD = variation
between years) from 48 C. leucas individuals visually
monitored at the Shark Reef Marine Reserve between
2004 and 2011. Refer to Table S1 in [18] for description of
natural marks of individuals.
(PDF)
Table S3 Minimum, maximum and mean (±SD) stom-
ach temperatures (6C) and depths (m) recorded by
transmitters with temperature or pressure sensors.
(PDF)
Acknowledgments
This paper is dedicated to Mike Neumann, without whom the Shark Reef
Marine Reserve would not be a reality today. His knowledge about the
sharks visiting the marine reserve is incomparable and we are deeply
grateful for the innumerable discussions and his sharing of thoughts and
insight that greatly improved the quality of this paper. Ka´tya Abrantes is
thanked for statistical advice. We also wish to thank Gary Adkison, Andrew
Cumming and all the staff from Beqa Adventure Divers for logistical
support and help in the field. John Earle is acknowledged for proofreading
the manuscript.
Author Contributions
Conceived and designed the experiments: JMB. Analyzed the data: JMB
AB. Wrote the paper: JMB AB.
References
1. Knight J (2009) Making wildlife viewable: habituation and attraction. Soc Anim
17: 167–184.
2. Orams MB (2002) Feeding wildlife as a tourism attraction: a review of issues and
impacts. Tourism Manage 23: 281–293.
3. Dobson J (2008) Shark! A new frontier in tourist demand for marine wildlife. In
Higham J, Lu¨ck M, editors. Marine Wildlife and Tourism Management.
Cambridge: CAB International. pp. 49–65.
4. Brunnschweiler JM (2010) The Shark Reef Marine Reserve: a marine tourism
project in Fiji involving local communities. J Sustain Tour 18: 29–42.
5. Gallagher AJ, Hammerschlag N (2011) Global shark currency: the distribution,
frequency, and economic value of shark ecotourism. Curr Issues Tourism 14:
797–812.
6. Shackley M (1998) ‘Stingray City’ – managing the impacts of underwater
tourism in the Cayman Islands. J Sustain Tour 6: 328–338.
7. Gaspar C, Chateau O, Galzin R (2005) Feeding sites frequentation by the pink
whipray Himantura fai in Moorea (French Polynesia) as determined by acoustic
telemetry. Cybium 32: 153–164.
8. Newsome D, Dowling R, Moore S (2005) Wildlife Tourism. Clevedon: Channel
View Publications.
9. Semeniuk CAD, Speers-Roesch B, Rothley KD (2007) Using fatty-acid profile
analysis as an ecologic indicator in the management of tourist impacts on marine
wildlife: a case of stingray-feeding in the Caribbean. Environ Manage 40: 665–
677.
10. Semeniuk CAD, Bourgeon S, Smith SL, Rothley KD (2009) Hematological
differences between stingrays at tourist and non-visited sites suggest physiological
costs of wildlife tourism. Biol Conserv 142: 1818–1829.
11. Semeniuk CAD, Rothley KD (2008) Costs of group-living for a normally solitary
forager: effects of provisioning tourism on southern stingrays Dasyatis americana.
Mar Ecol Prog Ser 357: 271–282.
12. Fitzpatrick R, Abrantes KG, Seymour J, Barnett A (2011) Variation in depth of
whitetip reef sharks: does provisioning ecotourism change their behaviour? Coral
Reefs 30: 569–577.
13. Clarke C, Lea JSE, Ormond RFG (2011) Reef-use and residency patterns of a
baited population of silky sharks, Carcharhinus falciformis, in the Red Sea. Mar
Freshwater Res 62: 668–675.
14. Hammerschlag N, Gallagher AJ, Wester J, Luo J, Ault JS (2012) Don’t bite the
hand that feeds: assessing ecological impacts of provisioning ecotourism on an
apex marine predator. Funct Ecol 26: 567–576.
15. Clua E, Buray N, Legendre P, Mourier J, Planes S (2010) Behavioural response
of sicklefin lemon sharks Negaprion acutidens to underwater feeding for ecotourism
purposes. Mar Ecol Prog Ser 414: 257–266.
16. Maljkovic´ A, Coˆte´ IM (2011) Effects of tourism-related provisioning on the
trophic signatures and movement patterns of an apex predator, the Caribbean
reef shark. Biol Conserv 144: 859–865.
17. Brunnschweiler JM, Earle JL (2006) A contribution to marine life conservation
efforts in the South Pacific: The Shark Reef Marine Reserve, Fiji. Cybium
30(suppl.): 133–139.
18. Brunnschweiler JM, Baensch H (2011) Seasonal and long-term changes in
relative abundance of bull sharks from a tourist shark feeding site in Fiji. PLoS
ONE 6: e16597.
19. Brunnschweiler JM (2009) Tracking free-ranging sharks with hand-fed intra-
gastric acoustic transmitters. Mar Freshw Behav Phy 42: 201–209.
20. Brunnschweiler JM, Queiroz N, Sims DW (2010) Oceans apart? Short-term
movements and behaviour of adult bull sharks Carcharhinus leucas in Atlantic and
Pacific Oceans determined from pop-off satellite archival tagging. J Fish Biol 77:
1343–1358.
21. Meyer CG, Papastamatiou YP, Clark TB (2010) Differential movement patterns
and site fidelity among trophic groups of reef fishes in a Hawaiian marine
protected area. Mar Biol 157: 1499–1511.
22. Welsh JQ, Fox RJ, Webber DM, Bellwood DR (2012) Performance of remote
acoustic receivers within a coral reef habitat: implications for array design. Coral
Reefs 31: 693–702.
23. Chatfield C (1996) The analysis of time series: An introduction. Fifth Edition.
London: Chapman and Hall.
24. Blackman RB, Tukey JW (1958) The measurement of power spectra. New York:
Dover Publications.
25. Bessudo S, Soler GA, Klimley AP, Ketchum JT, Hearn A, et al. (2011)
Residency of the scalloped hammerhead shark (Sphyrna lewini) at Malpelo Island
and evidence of migration to other islands in the Eastern Tropical Pacific.
Environ Biol Fish 91: 165–176.
26. Speed CW, Meekan MG, Field IC, McMahon CR, Stevens JD, et al. (2011)
Spatial and temporal movement patterns of a multi-species coastal reef shark
aggregation. Mar Ecol Prog Ser 429: 261–275.
27. Taylor S, Sumpton W, Ham T (2011) Fine-scale spatial and seasonal
partitioning among large sharks and other elasmobranchs in south-eastern
Queensland, Australia. Mar Freshwater Res 62: 638–647.
28. Barnett A, Abrantes KG, Seymour J, Fitzpatrick R (2012) Residency and spatial
use by reef sharks of an isolated seamount and its implications for conservation.
PLoS ONE 7: e36574.
29. Meyer CG, Dale JJ, Papastamatiou YP, Whitney NM, Holland KN (2009)
Seasonal cycles and long-term trends in abundance and species composition of
sharks associated with cage diving ecotourism activities in Hawaii. Environ
Conserv 36: 104–111.
30. Carlson JK, Ribera MM, Conrath CL, Heupel MR, Burgess GH (2010) Habitat
use and movement patterns of bull sharks Carcharhinus leucas determined using
pop-up satellite archival tags. J Fish Biol 77: 661–675.
31. Hammerschlag N, Luo J, Irschick DJ, Ault JS (2012) A comparison of spatial and
movement patterns between sympatric predators: bull shark (Carcharhinus leucas)
and Atlantic tarpon (Megalops atlanticus). PLoS ONE 7: e45958.
32. Speed CW, Meekan MG, Field IC, McMahon CR, Abrantes K, et al. (2012)
Trophic ecology of reef sharks determined using stable isotopes and telemetry.
Coral Reefs 31: 357–367.
33. Dewar H, Mous P, Domeier M, Muljadi A, Pet J, et al. (2008) Movements and
site fidelity of the giant manta ray, Manta birostris, in the Komodo Marine Park,
Indonesia. Mar Biol 155: 121–133.
34. Hearn A, Ketchum J, Klimley AP, Espinoza E, Penaherrera C (2010) Hotspots
within hotspots? Hammerhead shark movements around Wolf Island,
Galapagos Marine Reserve. Mar Biol 157: 1899–1915.
35. Speed CW, Field IC, Meekan MG, Bradshaw CJA (2010) Complexities of
coastal shark movements and their implications for management. Mar Ecol Prog
Ser 408: 275–293.
36. McCord ME, Lamberth SJ (2009) Catching and tracking the world’s largest
Zambezi (bull) shark Carcharhinus leucas in the Breede Estuary, South Africa: the
first 43 hours. Afr J Mar Sci 31: 107–111.
37. Rasalato E, Maginnity V, Brunnschweiler JM (2010) Using local ecological
knowledge to identify shark river habitats in Fiji (South Pacific). Environ
Conserv 37: 90–97.
Behavioural Response of Baited Bull Sharks
PLOS ONE | www.plosone.org 14 March 2013 | Volume 8 | Issue 3 | e58522
38. Driggers WB III, Campbell MD, Hoffmayer ER, Ingram GW Jr (2012) Feeding
chronology of six species of carcharhinid sharks in the western North Atlantic
Ocean as inferred from longline capture data. Mar Ecol Prog Ser 465: 185–192.
39. Papastamatiou YP, Itano DG, Dale JJ, Meyer CG, Holland KN (2010) Site
fidelity and movements of sharks associated with ocean-farming cages in Hawaii.
Mar Freshwater Res 61: 1366–1375.
40. Knip DM, Heupel MR, Simpfendorfer CA (2012) To roam or to home: site
fidelity in a tropical coastal shark. Mar Biol 159: 1647–1657.
41. Milazzo M, Anastasi I, Willis TJ (2006) Recreational fish feeding affects coastal
fish behavior and increases frequency of predation on damselfish Chromis chromis
nests. Mar Ecol Prog Ser 310: 165–172.
42. Milazzo M (2011) Evaluation of a behavioural response of Mediterranean
coastal fishes to novel recreational feeding situation. Environ Biol Fish 91: 127–
132.
43. Barnett A, Abrantes KG, Stevens JD, Semmens JM (2011) Site fidelity and sex-
specific migration in a mobile apex predator: implications for conservation and
ecosystem dynamics. Anim Behav 81: 1039–1048.
44. Laroche RK, Kock AA, Dill LM, Oosthuizen WH (2007) Effects of provisioning
ecotourism activity on behaviour of white sharks Carcharodon carcharias. Mar Ecol
Prog Ser 338: 199–209.
45. Bond ME, Babcock EA, Pikitch EK, Abercrombie DL, Lamb NF, et al. (2012)
Reef sharks exhibit site-fidelity and higher relative abundance in marine reserves
on the mesoamerican barrier reef. PLoS ONE 7: e32983.
46. Goetze JS, Fullwood LAF (2013) Fiji’s largest marine reserve benefits reef sharks.
Coral Reefs. In press.
47. Barnett A, Semmens JM (2012) Sequential movement into coastal habitats and
high spatial overlap of predator and prey suggest high predation pressure in
protected areas. Oikos 121: 882–890.
Behavioural Response of Baited Bull Sharks
PLOS ONE | www.plosone.org 15 March 2013 | Volume 8 | Issue 3 | e58522
